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SOME POSSIBILITIES
IN

SUMMARY

OF USING GAS MIXTURES OTHER THAN AIR
AERODYNAMIC RESEARCH 1

By DEANR. CHAPMAN

A study h made of i!i’wadviw!ag~ that cumbe realized in
compre.wible-$moremarch by employi~ a 8ubstit& heavy gas
in pluce of air. Most heavy ga8e8conaidwed in previ0u8 in-
w9h@.tiOnsare n“thertoxic, ch47nicu-L?y&we, or (ax in the we
of the Freon8) have a ratw of speafi hea$sgredy di$ereni
from air. Tlwpr~ent reportis bawdon theideathcdbyproperly
mixing a heavymona.tmnicgas WW a suii!ubleheavypolyatomi.c
gas, it i%poiiwiblei%obtain a lwaoy ga.vmirhwe which hm the
correctratio of specij.c him%and which ix nontoxic, non$?amma-
ble, themw?ly 8i!able,ch-emi.dy inert, and comprised of cont-
merciaUyavailablecomponenk

Calculations were de of win&tunnel chmzct.eri8ti for
69 gm pairs comprising 91 di~erent polyatomic gcuw properly
retied with wh of three mona.bmic gaw (argon, krypton, and
xenon). For a given Mach number, Reynolds number, and
tunnd pre88ure, a ga.+mixtaxe wind tunnel hating the 8ame
spec@c-heut ratw ~ air would be appeciubly wnullerand would
regwke much kss power than a correapmiiing air wind tunnel.
Analogous though different advantqw cm be realized in com-
pr~80r rwearch and in$ring-range rtwa.rch.

Tfw mo8t @n@cant app&aiion#, perhup8, atie through
8e&cti~ and proportiani~ a ga mixture 80 m to huve at
ordinary wind-tunnel temperatwtx certain dimenwhda 8 char-
acteristics which air ai jlight temperaturesposseJ38e8bwiwhich
air at ordinary wind-tunnd temperatux~ does not po88ev8.
Churaci%ristti which involve the rekcm%n time (or bulk ti-
Cmi@), the variation of ticom%y with temperature, d i!.h
variation of 8pecijic hat wii!h i%npcrature fall within thi.a
category. Other apphkut% atie in heat-trawfer research
since certain gas mixiures cm be concoctedto have any Prandd
numberin tb range at least between0.2 and 0.8.

INTRODUCTION

The reasons for considering gases other than air as possible
teat media for compressible-flow research stem primarily
from the relatively low speed of sound in certain gases. In
general, the heavier the gas, the lower the speed of sound at
a fixed temperature. Henca, experiments conducted at a
given Mach number in a heavy gas will be conductid at
lower velocity than the corresponding experiment in air.
Somo significant advantages of conducting wind-tunnel,
firiig-range, and compressor experiments at a reduced
velocity have been noted previously in the work of Theo-

dorsen and Regier (ref. 1), Smelt (ref. 2), Kantrowitz (ref.
3), Huber (ref. 4), Buel.1 (ref. 5), Donaldson (ref. 6), and
von Doenhoff and Braslow (ref. 7). Some uses of gases
other than air in shock tube research are discussed by Duff
in reference 8. These investigations show that the substi-
tution of a heavy gas ‘for air offers the possibility of: (I)
extending the range of existing research apparatus; (2)
achieving greater economy of construction and operation of
large high-speed wind tunnels; and (3) providing greater
facility in obtaining data for special types of rwearch.
These advantages will be discussed briefly in the order listed.

The possibfity of extending the range of existing apparatus
was clearly demonstrated by the experiments of Theodomen
and Regier, which appear to be the first compressible-flow
experimem% in which supersonic aerodynamic data were
obtained in a gas other than air. By rotating propellers in
Freon 113 (CCIJ’CCIF,, having a speed of sound 0.39 times
that of air, and a densih 6.6 times as great) they were able
to achieve tip Mach numbers of 2.7; whereas the highest
tip Mach number achieved with the same apparatus using
air ww 1.0. Also, much higher Reynolds numbers were
obtained. In a similar fashion, Buell employed the Freons,
and Donaldson employed xenon as the test medium through
which projectiles were tired in order to obtain Mach numbers
much higher than could be obtained with the same apparatus
by firing through air. An extended range of operation of n
wind tunnel has been demonstrated by von Doenhoff and
Braslow who report that the maximum attainable test-
section Mach number of the Langley low-turbulence pressure
tunnel was increased from 0.4 to 1.2 by replacing air with
Freon 12.

A possibility of’ achieving greater economy by employing
a substitute heavy g= in a wind tunnel arises because the
tw%ection dimensions are smaller and the horsepower
required is only a fraction of that required for an air wind
tunnel operating at the same Mach number, Reynolds
number, and pressure. Smelt has made a general study
pointing out this possibility for various inert gases that have,
Un.fortunately, a speciiio-heat ratio diflerent from air. The
importance of reduced power requirements, if accomplished
without sacrifice in ratio of speciiic heats, needs no elabora-
tion in view of the power of modern wind tunnels.

The third advantage mentioned, namely, facilitating
certain types of aerodynamic research, arises in two separate
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ways. Fimt, for a given Mach md Reynolds number,
the use of a heavy gas with its low velocity of sound enables
esperinmnts to be conducted at lower velocity and lower
pressure than if air were employed; this results, for example,
in lower stresses in wind-tunnel modeIs as well as in modeIs
launched from a gun. Similarly, the reduced velocity
enables experiments on the release of objects horn super-
sonic vehicles to be conducted at smaller scale while simu-
lating the required value of the Froude number (U.’/gl).
Second, and more importmt., the use of certain gas mixtures
other than air enables some of the dimensiordess parameters
pertinent to hypersonic flight through air to be simulated at
the usual wind-tunnel temperatures which cannot be simu-
lated by use of air at these wind-tu.nd temperatures.
Several of such po=ibilities are discussed later in this report.

& regards the various disadvantages involved by using
substitute heavy gasea in aerodynamic research, the main
ones are: (1) The ratio of specific heats (~) d.i.tiers from
that of air for the heavy gasw proposed thus far; (2) the
use of any gas other than air results in more severe practical
problems of operating a research facility? A general
appraisement of the various advantages relative to dis-
advantages cannot be made since this would depend on each
particular case. The purposes of this report are to study
various heavy gas mixtures which appear satisfach-y for
aerodynamic testing and to evaluate the magnitude of the
advantage such gases offer. fiowledge of these advantages
will enable a comparison -ivith the disadvantages to be made
in a given case.

The present research -was begun upon conception of the
following simple idea: 3 The proper ratio of spectic heats
(T= 1.4) can be achieved with a heavy gas by suitably
mixing a heavy monatomic gas (-Y>l .4) with a heavy
polyatomic gas (7<1.4). Exploitation of this simple idea
turned out to be unexpectedly arduous because of diliiculties
involved in obtaining adequate chemical, physical, pharma-
cological, and thermodynamic data on the many polyatomic
gases known to modern chemistry. Primarily as a result
of recent developments in the field of fluorochemicals, it was
possible to find among the known polyatomic gases over 30
which were indicated by available data to be su_i3icientJy
nontoxic, nonflammable, chemically inert, and thermally
stable to justify consideration. Evaluation of the relative
advantages of each polyatomic gas for aerodynamic testing
requires calculating the thermodynamic properties from
spectroscopic data, determining the proper proportions for
mising from thermodynamic properties, and then computing
the density and viscosity that would result when mixed
with each of three monatmnic gases considered (argon,
krypton, and xenon).

! A Pce4ble disadvantageEJJmetlmes~ (a. K.,ref.9) fs that therelaxatfentfme for
moknfar vfbratfmafn erlaln pelyatomfogasrswoold fnvalklatedatn obtalneilat sn~
r.onfavelmltfes. Howew?r,formcdtw wnrbkedher& thfsfsbWvd nottohtheq
RemerEfm &h me dkmsed later.

3MteTcmnpletfonef thEmainMY of mlmlatfons,ashertunpnblkhednete by E. F. Ralf,
M-L-e a*MebwMtiti ~@tiobMtimw*of-a
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NOTATION

speed of sound
speed of light
specitlc heat per unit maw
speciiic heat per mole
-wind-tunnel compression ratio
acceleration of gravity
Planck’s constant
molar enth.alpy
horsepower
Boltzman’s constant
characteristic length of model
characteristic dimension of wind-tunnel test section
molecuk weight (29 grams per mole for air)
Mach number
number of atoms per molecule
presmre

dynamic pressure, ~W2

univarsal gas constant per mole (1.987 cd, mole-’
‘K-])

Reynolds number
temperature
velocity
volume of gas
mass-flow rate, (~) times (cross-section area)
mole fraction, equal to ratio of partial pressure to

mixture static pressure and equal to fraction by
volume

relaxation time
ratio of speciiic heats
bulk viscosity coefficient
mass density
viscosity coefficient ‘
wave number (cm-’, from spectroscopic data)

Sum.cawrs

free-steam conditions in test section
critical conditions for gaseous phase of a compound
total conditions for gas brought isentropically to rest

(wind-tunnel reservoir conditions)
0° centigrade
monatomic gas
polyatomic gas

SUFRFfSORIPTS

quantity divided by corresponding quantity for air

METHODS OF SELECTING GASES AND COMPUTING CHAR-
ACTERISTICS OF VARIOUS GAS MIXTURES

SELECTION OF GASH

The selection” of monatmnic gases for consideration is
simple, since only four such gases are known-mgon,
lmy-pton, xenon, and radon—that have a molecukw weight
greater than air. Radon, the heavist of all, unfortunately
must be excluded because of its radioactivity. The remaining
three gasea are completely inert. Some of their properties
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pertinent to the present analysis are listed in table I. Al-
though argon is the only one now commercially available in
large quantities, both krypton and xenon will be considered
sinco they might be of use for special research in small
apparatus, and since their availability undoubtedly will
increase in the future.t

The selection of polyatamic gasw for consideration was
rather tedious. Of the approximately 13,000 polyatmnic
compounds listed in the 1952 Handbook of Chemistry and
Physics (rof, 12), 103 were found to be gasw at 0° C. Com-
pounds that are not gaseous at 0° C were not considered.
Most of the gases were not considered further because they
posscsaed some intolerable characteristic such as being
highly poisonous (e. g., COCL, SJ?IO, C2N2, SOJ, toxic (e. g.,
CHJ?, CFIBr,, CEWILF), combustible (e. g., COS, all,
hydrocarbon gases), unstable (e. g., CHCCl, ClN,, PSI?,),
or generally active chemically (e. g., BFS, FaO, CFJIFS,
Cl?,ol?).Still othem were eliminated for less obvious
reasons, such as re~cting with water vapor to yield corrosive
products (e. g., SF,, PJ?3, COF,, Tel’ o),or having a tendency
to polymerize under pressure (e. g., CC1l’CFy, CWCFY,
CI?ZCFJ, or being active when in the presence of mercury

@’scNNc~3), or imparttig, upon inhalation, an offensive
odor to the breath which persists long after inhalation
(Tel?,). This elimination process left 16 polyatmnic gases
for further consideration. It was noticed that all but two
(CO, and N,O, the lightest two on the list) contained at least
two atoms of fluorine per molecule. Because fluorine
appeared to be the key to the problem, recent technical
publications on fluorine chemis@y were scanned (especially
refs. 13, 14, and 15) for further information. From this
search 16 additional polyatomic gases were found which
mot the required conditions of being nontoxic, noncom-
bustible, chemically inactive, and therndly stable. Among
these 16 recently synthesized gases were several (e. gl,
CBrFJ which turned out to be the most efficient for wind-
tunnel use. Undoubtedly, additional new polyatmnic gases
will continue to be synthesized in the future inasmuch as a
large industrial effort is being expended on fluorine chemistry.
Quite a few apparently satisfactory gases (e. g., C3CU?, and
CH31?J are known b be omitted from the list. Conse-
quently, the present report which primarily indicates current
possibilities of gas mixtures in reducing wind-tunnel power
is by no means exhaustive and might considerably under-
estimate possibilities existing in the future.

It is pertinent to focus attention hereon the extreme prop-
erties of fluorochemids. Their chemis@ often is totally
unlike that of rmalogous halide compounds. I?luorochemicals
include some of the most toxic compounds known, yet also
include the most inactive and nontoxic compounds known.
Their thermal stability and resistance to electric breakdown
am unusually high. Most of th~e axtreme properties cm
bc. illustrated by a few emmples. First consider the follow-
ing two gases: chloroform, CHCL, and fluoroform, CH3?a.

k refwoncs 10Md11forinformationonchemsiblefnrm a7e.UabfflQoftiemoWomio
ges%
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The toxicity of chloroform is well known. Fluoroform, how-
ever, is indicated to be completely inert physiologically (ref.
16). Guinea pigs can live in an atmosphere of 80 percent
fluoroform and 20 percent oxygen without being ailected
either during the test or afterward. Sulfur hexafluoride, SFE,
also is indicated to be phpiologically inert on the basis of
similar teats with small mi.mals (ref. 17). On the othar hand,
the deceptively si.mihxr sulfur pentafluoride, (SFJq, is ex-
tremely poisonous, since, for concentrations as low m one
part per million-in which concentration phosgene is harm-
1es-s-sulfur pentafluoride is lethal (ref. 18). Further illu5
tration of the extreme properties of fluoroch@xds is
provided by carbon tetrafluoride, Cl?,. The thermal decom-
position temperature of CF4 has not yet accurately been
determined since it is so high as to be in the vicinity of the
cwbon arc temperature (ref. 19). Carbon tetrafluoride has
been heated in the presence of many metals up to the
temperature at which glaes softens without any reaction
occurring. (See ref. 14, p. 433.) Sulfur htxwdluoride is
equally remarkable in its chemical inactivi~ at all tempera-
tures below- the softening point of glass.

The chemical symbol, molecuhw weight, chemical name,
and trade name of 31 polyatmnic gases considered as possible
components for aerodynamic test media are listed in the first
four columns of table IL A symbol designating the general
classification of each gas is listed in the fifth column. Tlm
meaning of each symbol is explained in the footnote of the
table. Listed in table III are certain data, to be utilized
later, regarding the boiling point, critical constants, viscosi~
coefficient, and spectroscopic frequencies of the various poly-
atcmic gases. The sources of data for each gas are indicated
by reference numbers in the last three columns of table H.
These data were compiled horn references 13 to 16 and 1S
to 56.

COMHJ’PATION OF THERMODYNAMIC PROPERTIES

The tit step in evaluating aerodynamic qualities of any
gas is to determine its thermodynwnic properties such u
speciiic heat and enthalpy. When two gases are mixed, the
remlting thermodynamic properti- can be calculated horn
the thermodynamic properties of the individual components.
Using subscript 1 to denote the monatomic component, and
subscript 2 to denote the polyatmnic component, the follow-
ing equations apply for binary mistures of thermally perfecti
gasw:

molecular weight m=zlml+%ms (1)

equation of state p= PRT/m (2}

specific heat C,+-R=CP=z,CP1+z@n (3)

xlcn-%cm
ratio of spechic heats -y=

Z1(Cpl—R)+ZJCfi-I?J
(4}

enthalpy E= ZJZ’I+XJZ, (5)
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where R is the universal gas constant (1.987 cal. “K-]
mole-]), and z denotes the mole fraction of a component
(equal to the fraction by volume, or the fractional partial
pressure of the component) and is subject to the relation
Zl+%= 1. For all monatomic gases,

C2,=$=~ R=4.97 cal. “II’1 mole-l

Hence, from equation (4), it follows that for 7=7/5,

c., 5 -’

()
——

~–x’=%= R 2 (6)

The thermodynamic properties of a polyatmnic gas can be
accurately computed from infrared and/or Raman spectr-
oscopic data, using equations developed by methods of statis-
tical mechanics (see ref. 57, for example). For linear
molecules (e. g., COj and NZO), wherein the atoms are ar-
ranged in a straight line,

~i 2

()C- 7 3n-5 —2kT
z%- F aid, hew,

(–)2kT

hew,(–);?–;;y y’,

(–)‘v kT ‘1

(8)

The various wave numbem ~ determined from spectroscopic
data for each gas me listed in table III. The constant
he/kis equal to 1.4385 “K cm. For nonlinear molecules not
subject to internal rotation (e. g., Cl?,, CHFt, SF8, etc.)

(9)

(10)

For nonlinear molecules subject to a torsional mode of oscilla-
tion (e. g., CFJIFS, CHl?2CCIFa, and all other ethane-like
molecules) the above summations were employed only for
the 3n-5 normal modes, and the torsional contribution was
computed from the Pitzer-Gwinn tables (reproduced in
ref. 58) using values for the potential barrier estimated from
spectrcmmpic data. Computations were greatly facilitated
thiough use of the tables of reference 58. Typical curve-s
showing the molar speciiic heat as a function of temperature
for several of the various gnses considered are presented in
figure 1. Curves of this type, together with equation (4),
were used for each gas to determine the mixture proportions
necessary to obtain a value of 1.4 for ‘r. Similar data for
the enthalpy were used to compute Mach number, pressure
ratio, etc., for the different flow conditions considered.

It is ~oted that the thermodynamic properties calculated
from spectroscopic data agree well with direct calorimetric
measurements. This is illustrated in the following table:

‘1-
OduulatdC. E

r

entnl
T, 00 q%J%Ji

c, froro:tiyt
mewuremenk)
——

00Y ---------------- ~-76 7.71

t

7.m
&a &E?lmf.67

220 Ill 02 la 03
co12F%_________ -m 1S.6 lh 7

0 l&o 10.7
46 Ii. 8

1

la ~ ref.51

m la 9 19.1
OFJOFa.. . . ------- -M 2L1 21.11

10 24.7
}

24.4 mf. 22
m 2i7 %2

L

COMPUTATIONS OF VfSCOSITY

It will be seen subsequently that for n given Reynolds
number and Mach number, the power required by a wind
tunnel is directly dependent on the gas viscosity coefficient.
The viscosity of a mixture of two gasea cm be approximately
calculated from the equation (see ref. 59):

(11)

It is noted that a simple linear interpolation betwmm the
values of p for mch component is not an adequate method
of estimating the viscosity of the mixture. This is illustrated
by several emunples in figure 2. Curvw of this type were
constructed for all gas mixtures considered.

Experimental data are available for the viscosity pl of the
three monatomic gases, but very little datn are avrdlablo for
the various polyatomic gases. Fortunately, the coefficimt
of viscosity can be estimated quite satisfactorily from
khowledge of the critical temperature T., critical volume
V., and molecular weight by the equation

(12)

This equation may be deduced from the general equations
for gases having intemoleculw forces dependent only on
powers of the distance between molecules. (See refs. 69
and 60). Rather than to use the elaborate theoretical
evaluation of the function .F(T/ T.), the more simplo empirical
evaluation of reference 61 is used:

(27.lT/2P. for T<l.6T, 1

()F;.

i

27.1 TIT.
c

)1+00’52(:-16) ‘or ‘>”T” “2a)

where T is in ‘K, m is in gm.jmole, V. is in ccjgm. mole, and
p is in micropoise. A comparison of the calculated and
experimental viscosity coefficients of all gasea considered for
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FIGWIUII.-Some typical examplesof specifioheat computedfrom speotroscopiodata.

which experimental data could be found is given in the
following-table:

AI --------------------
=---------------------
Xe_____________
SF6------------------
OObFz -------------
OHCIF:._.. -__.._.
oo&____________
NIB___________
Air. _____________

210
229
211
146
114
U9
134
132
170

210
m
210
142
118
m
137
136
172

Tlis agreement is satisfactory. Consequentlv, in the ~cU-
latioru- of wind-tunnel pow”er requirernenta;’ experimental
values of p are employed for the 9 gases listed above, but
values computed from equation (12) are employed for the
remaining gases for which experimental data are not avail-
able, Since molecules of the above 9 gases are either simple

~3087~7—13

—

—

—

—

—

—

—

—

—

T )0

or approximately spherical in structure, the accuracy of
calculations from equation (12) is expected to be less for
greatly different molecular structures, such as that of
CJ?1O,but probably is su.fhcient for present purposes.

u’mrl-TuNNBLPOWEHANDSIZE

The general equation for compressor power required to
maintain a steady rate of mass flow w of a perfect gas through
a compression ratio CR starting with an initial temperature .
Tt is given by the equation

~=J wcVT~
~ [(CR) t7-’)/7_1] (13)

where J is a numerical constant depending only on the units
employed, q is the combined adiabatic and mechanical
ficiency (assumed to be independent of the gas), and c, is
the specific heat per unit mass. It is noted that Cp in equa-

tion (13) is related to the molar specific heat C2 and the
,molar universal gas constant R through the equation

mcp=Cp=7& R (14)
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FIGURE2.-Some typical examplesof viscosity coefficientfor gas
mixtures.

By using n bar to denoto a quantity divided by the corre-
sponding quantity for air (e. g., iii = m/(m)fi, Z= w/(w)&,

W =EP/(HP)&, etc.), there results

where Y(7, CR)=& [(m)m-’)’’–l], and L is a character-

istic dimension of the test section. A more convenient
equation is obtained by introducing the Reynolds number

P=R$ Z7’,Y(7, CR) (16)

* from which it is apparent that, as Smelt (ref. 2) has pointed
out, power economy can be achieved by employing a gas
with low viscosity and high molecular weight, or by testing
at the lowest temperature possible, or by testing in the small-
est facility (highest operating pressure) ~hat @l yield the
given Reynolds number. The quantities Re and L are related
to the relative operating tunnel pressure ~’

or, finally,

where

(17)

Equation (17) shows that by increasing the mo]ocular weight,
or decreasing the viscosity, the size of wind tunnel required to
obtain a given Reynolds number can be reducccl. Emce,
an alternate equation for relative wind-tunnel power is

(1s)

Equations (16), (17), and (1S) am o gencmdization of sirnjlmr
equations developed by Sw.elt.

For subsequent computations, the above equations cm be
simplified. It will be assumed that CR depends only on M..
(To achieve this in an air tunnel, the compressor speed would
have to be reduced for a heavy gas..) For the cam of trnn-
sonic wind tunnels CR is the order of 1.3 or lCSS,rmd direct
numerical calculations show tlmt_O.97 < F(Y, 1.3)<1 for any
T’ between 1.1 and 1.4. Hence, Y= 1 is a good approxima-
tion for transonic wind tunnels irrespective of V. I?or the
case of supe~onic wind tunnels, onlv_ gas m.ktures lmving
~ = 1.4 me considered, for which Y(l_.4,CR) = 1. Conse-
quently, in all casea of concern here, Y= 1 is an adoqunto
approxim~tion. A similar argument shows that the ratio

~(y,CR)/j(~,.W.) k approtiately unity for the rnnge of y
and Mm considered here. _Inasmuch as all calculations will
be made on tho bsais that Tt= 1, the above equations simplify
to

=-7

(17a)

Four illustrative cases will be considered: (1) given Mm, Re,
and L; (2) given M., L, and p’; (3) given M., ~, and HP;
and (4) given M., Re, and pl. Since for all cases T,= X?. = 1,
the reduction in velocity is always Z.= (?ii)-fi.

Case (1): Given M., ReL and L..-This case corresponds
to operating a givan wind tunnel (~= 1) with o gas other than
air at the same values of M. and Re S-Sfor air. The horse-
power required for the gas mixture relative to that for nir is
~=xfi. However, from equation (17a), it is seen that
S,=FIG for given values of Re and L. Hence, in order
to achieve the same Re with a heavy gas as with air, tho
given tunnel would be operated at a lower pressure, resulting
in model loads that are proportionately lower, since ~=~1 =

;/6.
Case (2): (liven Mm, L, and Pt.—This case corresponds

to substituting a gas other than air in a given wind tunncd and
operating at the same pr~ure and Mach numbw as for air.
From equation (17a) it follows that ~=fifi. This indi-
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catcs that higher Reynolds numbers would be achieved with
a heavy gas than with air, while (according to eq. (16a))
simultaneously drmving less power by the ratio ~= (?Z) ‘1P
Since ~,= 1, model stresses are unchanged for this case.

Case (3): When M., L, and HP.—This case corresponds
to replacing air in a given tunnel by a gas mixture and draw-
ing the same power for ,atied Mach number. The Reynolds
numbe~from equation (16a), would be increased by the
ffr,ctor l-ie=?ii~. In order to draw the same power as with
air, tho pressure and, hence, model loads would have to be

increased by the factor ~~=+%.
Case (4): Given Mm, Re, and pt.—This case corresponds

to conditions thut might be prescribed in the initial design
of a new wind tunnel whose size is to be determined by the
required values of Mm and Re, by the selected value of p~,
and by the gas employed. From equation (18a) it is evident
thOt in this case, the horsepower required for a heavy gas
mi..tum is less than for air by the factor

(19)

This represents a greater power reduction than in the cases
above because the gas-mixture wind tunnel, according to
equation (17b), would be smaller than the corresponding air
tunnel by the factor

z=z/+% (20)

The gas-mixture wind tunnel would produce tho same aero-
dynamic data as the larger air tunnel with the same model
stresses. Computations based on these latter two equations
me presented later.

MACH NUMBER LIMIT FOR CONDENSATION

Although any of the polyatomic gases would be usable in
apparatus where low temperatures are not involved, such
as in a subsonic wind tunnel, a firing range, or a compr-or
research apparatus, only a limited number would be useful

c
cc

(P,, r)
Soturat[on

vapor pressure.%,
.

(P2t, T)

So l;ro;jon
----

I
Log T

Log Tm,p Log ~

IWmnE3.—Methodof determhdngsaturationlimit.

in a supersonic wind tunnel where the static temperatures
encountered are low and can result in condensation. An
essential step in evaluating various polyatomic gases, theref-
ore) is to determine the approsirnate useful Mach number
range for each gas. The method of determining this was
to draw the isentropic expansion curve for the partial pres-
sure of each polyatomic gas on log-log paper together with
the curve for saturation vapor pressure of that gas. &
indicated in figure 3, the intersection point yields Tmi,, from
which the maximum lMach number can be calculated horn
the relation

“=X%%)

where -y and H/T are determined from spectroscopic
data by equations (4) through (10). Graphical solutions of
this type were made for operating conditions of approximately
40° C (100° F) total temperature and several atmospheres
total pressure. These solutions enabled the appropriate
polyatomic gases to be selected for each of several design
Mach numbers considered in the evaluation. It is emphasized
that the graphical method included consideration of the vari-
ation of speciiic heat with temperature. As will be seen sub-
sequently, such variation is of dominant import ante in
determining the limiting Mach number to which cert aiu
gasw can be expanded without reaching saturation. Simpli-
fied criteria, such as boiling temperature, are quite inadequate
for determining the saturation limit.

RESULTS AND DISCUSSION

WIND-TUNNELPOWERANDSIZE

Complete computations could not be made for 10 of the
31 polyatomic gases listed in table H, since the necessary
spectroscopic data and critical constants were not available
for these 10 gases. Calculations have been made, however,
of the relative &nd-tuunel power requirements for 63 gas
pairs comprising mixtures of the 21 polyatomic gases for
which data are available with each of the 3 monatomic
gases. lMixture proportions were determined from equation
(6) by substituting a value of 1.4 for Ym. The calculations
were made for three design Mach numbers, 1.3, 2.5, and 3.5.
Results are tabulated in tables IV (a), IV (b), and IV (c),
respectively. It should be noted that all 21 polyatomic gases
are included in table IV (a), since all are free from condensa-
tion at Mm =1.3. Only 7 gases for JMm=2.5 (table IV (b))
and 2 gases for M.= 3.5 (table IV (c)) have eufliciently low
boiling points to avoid saturation for the assumed condition
of 40° C total temperature. Operation at Mach numbem
above about 3.5 would require total temperatures higher than
the value of 40° C arbitrarily assumed.

The values of relative horsepower H~ &ven in table IV
represent case (4) mentioned previously. This case corre-
sponds to a comparison with an air wind tunnel for the same
M., Re, and p,. If desired, any of the other three cases
mentioned, or any of the individual relative quantities such
as Z. or Z., can be readily calculated from the values of
?ii and ji listed in the tables and from the appropriate equa-
tions developed earlier.

The tabulated results show that there is no single poly- ‘
atomic gas which is best for all Mach numbers or for use with
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all monntomic gases. For each monntomic gas, though, there
am several polysd omit gases which appear roughly equal in
their ability to require low wind-tunnel power. Of the gases
that currently am commercially available and not classiiiecl
questionable in table II, the most efficient ones for use with
argon are: CH2F,, CBrFa, and CCl~F, for Jz. = 1-3; CBrFs
and SF8 for M. =2.5; and CF4 for MO= 3.5.. In general,
tlm horsepower and size of gas-mixture wind tunnels relative
to equivrtlent, air wind tunnels are veqv approximately as
follows :

lT~*.on~me~.hu.et.tir= %Power retative to air H>...: . . -----

z-------------------------------- 0.7

These figures indicnt e significant advantages of gas mixtures
m wind-tunnel test, media.

It is interesting to note that the heaviest polyatomic
gas-C,FIO, having ZiZ=8.2-does not result k either tie
heaviest mixture or the best misture. This is due to the
high molar specific heat of C4F1Owhich requires that o~y a
small amount (6.5 percent) be mixed with a monatmnic gas
in order to obtain V= 1.4. However, for applications to
low-speed subsonic research where the value of ~ does not
matter and, hence, ‘o mixture is not needed, the heavkst
~-s is the best. For example, pure C4F10~ha~g ~= 1-06>
would require only 1.8 percent of the power, and an appa-
ratus one-fourth the size of that required by air for a given
M., Re, and p,. In this respect pure C4F1Ois several times
more efficient than pure Freon 12. (See table HI where
corresponding values are given for all pure polyatomic gases
considered.) It is evident that pure polyatomic gases hav-
ing 7=1.1 are more eflicient in reducing wind-tunnel power
requirements t,ban are gas mixtures having ~= 1.4.

A possibili~ that should not be overlooked is that a
value of Y close to 1.4 may not be necessmy for transonic
wind tunnels or other transonic research apparatus. In
view of the surprisingly small di.iferences observed at tran-
sonic speeds by von Doenhoff and Braslow (ref. 7) between
uncorrected results in Freon 12 (7=1.13) and in air (Y= 1.4),
it would appear that a reduced value of y, perhaps between
1.3 and 1.2, might yield tmmsonic data directly applimble
to air for practical purposw. If a considerably reduced
value of -r is satisfactory in transonic wind tunnels (such is
not anticipated in supersonic wind tunnels), then the possi-
ble advantages of gas mixtures for transonic speeds are
greater than the above calculations for ~= 1.4 would indi-
cate. The following table for CBrF3-Ar mistures at
M.= 1.3 ilktrates this:

Om (3):
glwi

cm (4): given H&i$~.rRe,PI,and.V~

7 F z Fe
—— ——

L4 a2i 0.74 20 (from table IV(a))

L% .30 .69 23

L 3 .22 .62 28

L 2s .16 .= %4

L2 .10 .44 4.5

L 16 .0!3 .37 0.2 (pure OBrFal

These iigures, which are typical of many of the argon nix-
tures, show that by reducing Y to about 1.28, the power
requirement for an argon gas mixture at transonic spowls
would be about one-half that for the same type mixture
proportioned to yield a 7 of 1.4. This corresponds to ono-
iifth the power of an equivalent air wind tunnel operfiting
at the same Reynolds number, total pressure, and MnclI
number (case (4)). Also, the Reynolds number of an csist-
ing transonic wind tunnel having a iixed horsepower (case (3))
would be about tripled if air were replaced by an argon gas
mixture having ~= 1.28, but only doubled by n mixtum hav-
ing y= 1.4. The advantages of reducing y to the lowest
practical value are apparent horn the table. For xenon
mixtures, however, there is less to gain by reducing -y below
1.4. It would be desirable to conduct some experiments
varying the proportions of SLgaa mixture in order to dotor-
mine to what limit Y can be reduced in a transonic flow and
still yield data directly applimble ta air for practical purposes.

DEVIA’HONSFROM THRRMALAND CALORICPERFECTION

Under wind-tunnel conditions air generally is con..iclered
aa being both thermaIIy perfect @n= PET) and calorically
perfect (Y=constant). Most other gases can not be so con-
sidered. Calculations of the degree of deviation from
thermal perfection for the various argon gas mixtures are
presented in Appendix A. It will suilice here to state that
such deviations are indicated to be unimportant for normal
operating conditions of wind tunnels. The smallness of
these deviations is due in part to the monatcmic (mgon)
component, which by itself is almost thormdly perfect,
and, in pm-t, to tbe fact that the polyatomic component is a
fluorochemical. The unusually low intermolecular forces in
fluorochemkal gases result in small deviations from thmmal
perfection.

Deviations from c.doric perfection, on the other hand, are
not small and represent an important technical consideration.
The specific heat of polyat.omit gasea varies widely, as figure
1 clearly indicates. Thus, a gas mixture proportioned to
yield -r= 1.4 for one Mach number will not yield the mmo
value of y at other Mach numbers. This may limit the
Mach number range over which a single gas mixture could
be used satisfactorily. Also, at a tied Mach number, 7
will vary with temperature. Under wind-tunnel conditions,
y for air is quite constant, but variea under flight conditions
where higher temperature are encountered.

To aid in evaluating the importance of caloric irnperfoc-
tions, the variation of Y with temperature has been computed
for various gas mixtures and for air under both wind-tumml
and flight conditions. In these computations the spocLro-
scopic frequencies listed in table III were employod to
determine -I for the gas mixtures, whereas the tablm of
reference 62 were employed for air. Instead of showing tho
computed variation as a function of some temperature
parameter, an enthalpy parameter (H—HJ/(H,-H.) is em-
ployed which always is zero for free-stream conditions and
always is unity for reservoir conditions, regardless of tho
nature of the gas Some of the results are shown in figure
4. Air under flight conditions at a given M. is represented
by a cross-sectioned band because ambient temperature in
the atmosphere vary considerably with altitude. Qasea
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(a) Gas rufxtureof 0.25CBrF~wfth 0.75monatomfo.
(b) Gas mkture of 0.4 CF. with 0.6 monatamio.

l?murm J.—variation of specific-heat ratia between free-stream and
stagnation conditfans for vanoua gas mixtures.

under wind-tunnel conditions are repremmted by n single
curvo since a fixed reservoir temperature (about 40° C R 100°
F) has been assumed. A single mixture of 25-percent
C&l?, with 75-percent monrttomic gas is considered in iigure
4 (a). These proportions are about right for -U. =2.o. At
ilIm=2.5, Y. is 1.44 and y, is 1.34. This variation does not
seem excessive. At M.=1.3, y is uniformly less than 1.4,
varying between 1.37 and 1.34. In view of previous com-
ments about the apparent insensitivity of transonic flows
to much ]mger variations in y, as well as the complete in-
sensitivity of subsonic flows to variations in y, it would
appear that a single mixture could be used satisfactorily
from low subsonic speeds to at least Mm =2.5.

The situation is more complicated within the Mach num-
ber range between 2.5 and 3.5, as figure 4 (b) illustrates for
the case of a single mixture of 40-percent Cl?l with 60-percent
monatomic gas. It is to be noted that a variation of y is not
importrmt at conditions close to free-stream conditions. For
example, y does not appear within the body of linearized
subsonic or supersonic theory, but fit appears in second-
order terms. Hence, Busemann’s secondarder theory for
twodimensional flow has been used to estimate the range

within which -ymust be maintained in ordor to introduco lCSS
than l-percent error in Ap/q. The boundmies of this range,
indicated by dotted lines in fi=ge 4 (b), shrink toget,hor as
.k&+l aud as M.+ co. For the moderate Mach numbers
under consideration, it is seen that only the region of wbscissa
between about 0.2 and 1.0 is important when asscsing the
variations in speciiic-bent ratio. Consequently, it is de-
duced that the gas mixture of fib~e 4 (b) approximates
f@ht conditiom at -ii== 3.5 about as well as does air in a
wind tunnel. SuclI is not the case, though, at M. =2.5
(top portion of fig. 4 (b)), and it k not known whether
moderate ~ variations near the atagymtion region of the
magnitude shown are important.

If moderate variations in 7 me important, then the flow in
an air wind tunnel will also show important diilerences from
the flow in flight through air at Mach numbers of about 4 or
greater. Throughout this report the operating temperature
of a wind tunnel is assumed to be, as is current practice,
either room temperature or that temperature which is
suilicient to avoid condensation. Figwwe 5 compares the
values of 7 in an air wind tunnel (long dashed curves) with
the corresponding values of Y in flight (cross-sectioned
region). The observed -y d.iilerauces between air in flight
and in wind tunnels are considerably greater than any of
figure 4 (b) between flight and gas-mixture wind tunnels. It

Gos-mixture wind tunnel, 0.4- CF4+0.6-Ar
‘-—––— Gas-mixture wind tunnel, 0.2- CF4+0.2-Ar+0.G-Alr
‘—— Air wind tunnel
;~/////////z Air, flight conditions (stratosphere)
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is also evident from figure 5 that the temperature dependence
of 7 for polyat.mnic gases may actually represent a real virtue,
particularly in hypemonic research. For polyatomic gases
under wind-tunnel conditions, as well as for air under flight
conditions, these caloric imperfections arise from a common
physical phenomenon, nnmely, temperature dependent
onmgy of vibration behveen atoms within a.molecule. Under
fight cmditiorts at Mach nnmbel~ of about 6 or greater,
additional energy can be hnsfemed through dissociation,
which is responsible for values of -y less than 1.2S in flight.
Clearly, the ratio of specifm heats is one dimensionless pa-
rameter pertinent to hypersonic flight through air-which is
not simulated by air at, wind-tunnel temperatures-but
which is simulated by cert t-tin.-s mktures at wind-tunnel
tf3mperature9.

MACHNUMBER LmllT FOR CONDENSATION

In order to achieve hypersonic Mach numbers in a wind
tunnel without supersaturating the test medium, it is neces-
sary, of course, to heat the medium. The appro.simato
reservoir temperatures (est imrLted to nearest 25° K) cor-
responding to the p~rticular ges mixtures considered in
tigure 4, are as follows:

CUS .

.Ur . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.4-OF#.6-& ------------------------------------
0J-0F{H2–.ti+0 Ook---------------------------- 7

Reservoirtenmmtnrc “K to
prevemtsa~ r~tlon; p,- lill @a

=iEE= =

360 -tW SW
475 Om oi5

Ko 750

As might be e~Tected, the gas mixtures require higher operat-
ing temperatures than does rtir.

IL is important ta note that the trend of the results t.abu-
htted above can bc rerersed by not requiring that the 7 vari-
ation of the gas mixtures in a wind tunnel duplicrtte that of
flight through air. Ckrtain pure polyatomic gases require
less heating to achieve hypersonic flow without sntmrttion
thrtn does air, M the following trtble illustrates:

I
O@...

I

l%, “~

Air.-. .. ..-.. -------------------------- –la?
of,---------------------------------- –1s
SF6. .. .. . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . -r!.!
OFICFJ ------------------------------- -78

I

1.40 L3S Ma

1.33 1.12 4Lwl
127 LOi W3

L 10 L(li m

I?or tlm thre~ gases, air, CF,, and CFJ2FS, the abovo trend is
opposite to tvhat would be e.spected from comideration
solely of the respective boiling points (— 180° C for air,
— 12S0 C for CF,, and —78° C for CFSCFJ because of the
dominating effect of the reduced values of -y. Reducing -y
will reduce the rate at which temperature ~aries with pres-
sure in an espansion process, since Z’-pfy-l)fi. This results
in producing lower pressures, and hence higher Mach num-
bers, beforo the temperathm is reduced to a point where
saturation occurs. From a physical vievipo:mt, this
phenomenon can be traced to the con~elaion of iuternal

vibrational energy of a molecule into directed kinetic energy
during expansion of a polyatomic gas. To achieve t-tgiven
ratio of directed to random energy (given Mach number),
the polyatmnic gas with large vibrational enorgy does not
have to be expanded to as low a tempertdmre ns does a gas
without vibrational energy.

DEvIAmoNs FROhi ~MAL EQUILIBRIUM
(EEAT CAPACITYLAG)

When a polyatomic molecule passe9 through w rrgion of
rapid change in temperature, the ener~ stored in vibration
between atoms within the molecules does not always adjust
to its environment with sufficient r~pidity to maintoin
thermodynamic equilibrium. This leads to a time lag in
the heat capacity determined by the relaxation timo r.
lMeasurements show that ~ increases if either pressure or
temperature decreases. An excessively long relaxation timi3
could significantly affect a high-speed flow, especially in a
wind tunnel where the pressures and temperatures mcoun-
terod are 10W.

Detailed computations are presented in Appendix B which
provide an estimate of relaxation-time effects for vmrious
gases. These estimates are based on a relation botwocm
relaxation time and bulk viscosity. The derivation of this
relation, and a discussion of its range of validity me presented
in Appendh C. Here, only end results are discussed. Tha
relaxation timo (7J at atmosphere conditions is known for
some of the ffuorochemical gases, and generally is the order
of 10-7 second. For others, r= is not know-n from d.iroct
measurements, but can be estimated from related measure-
ments by using certain empirical relationships betwmn
relaxation time and molecnhtr structure. Thus, ~a for
CBrF, is estimated to be in the range 10-s to 10-7 second,
and that for CFSCF9 to be in the range 10-Wto 10-8 second.

Relaxation time is not the only important quantity which
must bc considered. The basic parameters which mmsuro
effects of heat-capacity lag on a gas flow involve the procluct
7C,, where C{ is the heat capacity of internal vibrations
within the molecules. From the esti.mates in Appendi.. B,
heat-capacity htg appears of ~ore importance in nltoring
boundm-y-la.yer flow than in altering pressure distribution,
ancl is of greatest importance at low Reynolds numbm. For
air under win&tunnel conditions, ~ is so long that the snmll
internal vibrational energy effectively is ‘(frozen, ” thereby
rendering relaxation effects negligible even at low Reynolds
numbers. For most of the gas mi.turea under wind-tunnel
conditions, the estiznatecl relamtion effects are negligible at
Reynolds numbers of the order of 10s or greater. They can
be significant, however, at low Reynolds numbers (tho orcler
of 10~ or les). It should be remembw-e:l that for mir under
fight Wditions, c, is not negligible as it is in (t wind tulmcJ.
Thus, relaxation effects can be significant in flight, although
the estimates of Appendix B suggest this may be the mso
only at high altitudes (low Reynolds numbers) and ot high
flight speeds. In broad terms, hea~capacity lag is esti-
mated to be sign.itkmt at Reynolds numbers below about
10~ for moderate supersonic speeds, and below about 106 for
hypersonic speeds. Although relaxation-time effects in
flight would not be simulated in an air wincl tunnel, it is
possible to simulate them approximatdy in w gas-mixture



SOME POSSIBILITIES OF USIk4 GAS MJXTURDS OTEEIR THAN AJR IN AERODYNAMIC RESEARCH 189

wind tunnel by employing two polyatomic gases in the
mixture-one having rCi greater than for flight through air,
and the other having 7Ct less than for tight through air.
This possibility appears to be of interest in lowdensity, high
Mach number research, and provides another emunple of an
effect pertinent to hypersonic flight through air which cannot
bo studied in an air wind tunnel but can be studied in a g=
m.ktum wind tunnel.

It should be mentioned that the idea of employing more
than one polyatomic gas in a mixture might be utilized profit-
ably in other ways. For example, various pairs of some poly-
ntomic gases when mixed in special proportions form an
azeotropic mixture; that is, a mixture for which the boiling
temperature is not intermediate between the boiling tem-
peratures of the two constituent gases, as ordinarily is the
cam, but is lower than the boiling temperature of either con-
stituent, A mixture of 32-percent CJ?B with 68-percent
CHJ?Z, for example, boils at — 58° C, whereas the respective
individurd gases boil rut— 38° C and — 52° C (ref. 63). Thus,
rdtbo~~h neither ~F8 nor CIZF2 could individually be used
d Mm= 2.5 under normal wind-tunnel operating conditions
without danger of condensation (and, hence, have not been
included in table IV (b)), their azeotropic mixture would be
usable under such conditions. Other gas pairs lmown to
form rweotropic mixtures are CH)?S with ~F8, Cl?,CIZ with
CI’:CFCFS, CHCIF, with CF2CFCF,, and CF,Cl, with
CH,CHF, (see refs. 48 and 63). A related point worth
mentioning is that certain polyatmnic gases which would not
be usable singly because of flammability characteristics may
be usable when mixed with other gasea. An extreme example
illustrating this point is the obviously flammable butane
(C.HIJ which, when mixed with CF,Cl, in portions up to
about 30 percent, is no longer flammable (ref. 64).

WSCOSITYVARIAmON WITH TEMPERATUBE AND PIZANDTL NUMBER FOR
VARIOUS GMES

Thus far, mention has been made of two effects associated
with hypersonic fight through air which are not simulated
in an air wind tunnel operating at conventional temperatures
but which can be simulated in a gas mixture wind tunnel.
These effects pertain to speci6c-heat variation with tempera-
ture and ta relaxation-time phenomena (or bulk-viscosity
phenomena). To this can be added a third effect; namely,
that pertaining tQ variation of viscosity with temperature.
It is to be remembered, though, that not all of the three
effects are signi6cant simultaneously in a given reaesrch
problem; likewise, not all can be simulated simultaneously
by a single gas mixture. One gas which-in a wind tnnnel—
appro.simates the temperature-viscosity relationship of
flight conditions is pure helium, as illustrated in @ure 6.
A different gas which approximates the corresponding rela-
tionship of air in a wind tunnel is pure argon, as also illus-
trated in fgure 6. The various curves representing wind-
tunnel conditions in this figure correspond to reservoir tem-
peratures which will avoid saturation at M= 5. Helium and
argon have the same value of y, and very nearly the same
value of Pr; they differ in aerodynamic behavior only in
their viscosity-temperature relationship. Separate measure-
ments with these two gases, therefore, would single out any
effect of viscosity-temperature relationship on a given

+
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FIGURE6.—Dirnension1eseviscosity variation for various gases at
M.=5.

phenomenon. This possibility would appear to be useful in
boundary-layer research.

When gases are mixed in arbitrary proportions, we Prandtl
number can vary markedly. A rather extreme example of
this is aiforded by He and SF6 mixtures. At 0° C the
Prandtl number of He is the same as that of SFe, namely,
0.69. Mixture of these two gases, however, can result in
values of Pr a-slow M 0.21, according to the calculated curve
shown in figure 7. Similarly, Pr for argon is 0.67, but mix-
tures with helium can result in values as low as 0.41. These
mixtures provide values of Pr less than that of air (0.7 at
room i%mperature), but other mixtures can provide values
greater than air. For &ample, mixtures of CCIJ?S and He
(results not shown) cover the Pr range between 0.82 and 0.22.
As a test of the calculation method, which indicates such large
variations in Pr, some experiments are available for the case
of He-A mixtures (ref. 65 for viscosity, ref. 66 for conductiv-
ity). Calculation and measurement agree well for this case
as is evident from figure 7. The particular equations em-
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plo~ed in the calculations 0 are the rigorous mixture equa-
tions of kinetic theory dev~oped by Hirmhfelder, et al. (ref.
67). It is noted that the large reductions in Pr can be attib-
ut ed primarily to the mixing of light with hea~ molecules
(mJm1=37 for SFrHe, mJm,=10 for A-He). If gases of
more comparable molecular weight were mixed, say A and
CF, (mJm,=2.2), the corresponding reduction in Pr would
not be large. Large variations in Pr aflorded by specird
mixtures of gases would appear to be a signitlcant tool for
conducting supersonic heat-transfer reswch, since the
Prandtl number is an important parameter in such phe-
nomena.

CONCLUDING REMARKS

By emplofig in place of air a test medium consisting of a
heavy monatomic gas mixed tith a heavy polyatomic gas in
proportions that yield the desired value of 1.4 for the ratio
of specific heats; it appeam possible in conducting aero-
dynamic research to realize certain signifhxmt advantages.
The esist ence of some of these advantages has been demon-
strateed by pretious investigations concerned with pure
heavy, polyatomic gases, especially the Freon-s. Because
pure .polyatomic gases have a speci.ik-heat ratio much
lower than that of air, they cannot be employed to yield
aerodynamic data directly applicable to air for flows involv-
ing e.stensive supersonic regions. Aerodynamic data ob-
tained with the gas mixtures considered herein would
directly apply to air.

Perhaps the most significant rewdt of this study is the
observation that a gas mixture can be concocted which
behaves—under low-temperature wind-tunnel conditions—
dynmnically sim.ihw in several respects to air under high-
temperature fight conditions, whereas air under low-tem-
perature wind-tunnel conditions behaves dissiiarly. This
situation arises because the flow of two gases can be made
dynamically similar on a macroscopic scale, even though
they difler in microscopic structure, provided all the per-
tinent, dinwn8wnle.s8, macroscopic parameters (such as
involve, for example, relaxation-time phenomena, tempera-
ture variation of specific heat, and temperature variation of
viscosity), are duplicated between the two gases. In
achieving dynamic similarity, the dinumriorud quantities,
such as temperature, are not duplicated.

Many of the fluorochernicall gases studied in the present
research are more inert than Freon 12. This extreme
inertness is highly desirable, especially since some of these
gases when mixed with the necessary small amount of
oxygen can be breathed even in large quantities without
observable effect by animals, and presumably also by man.

JThem cnlcnlatlonsweremadeby Mr. Donald Dm Intermolecnkarfm wererep
re+mted,fn tie rmmenchinmof rekence 67,by a Lennard-Jonm@enttal forHefJF#mrda
tied BuckIn@am Potentlaf(withu-124 forHe-A. Form&ms@ntac./KW- 9.16° K
for H~2&Kfor SF&ond=Kfor A. $okoalardfnxmdowremseketedtoyidd tlm
mow rolnm ofencbtranmwrtpropertyof tbe PUT8 gm mmgonenk
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Likewise, because of their inertness they could be used
without undesirable effect on machinery.

Since the magnitude of the advantages that can be
realized through use of gas mixtures has been shown to be
large, they may outweigh the evident operational dis-
advantages which result from use of any gas other tlmn air.
Whether or not the advantages surmount the disadwmtngos
can only be ascertained by detailed study of indiviclunl
casea. Clearly, though, the possible use of gas mixtures
warrants consideration in the design of new resenrch fncilitios.
In view of the magnitude of the advantages, it nppoars thnL
~ome experimented work with gas mixtures is in order.

-s AERONAUTICAL LABORATORY
3NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

hlOFFETT FIELD, CALIF., Mar. Ii?, 1964



APPENDIX A

ESTIMATE OF DEVIATIONS FROM T&ERMAL PERFECTION

By definition, a thermally perfect gas obeys the equation
of state pm= pRT given previously as equation (2). Real
gmes closely follow this equation if the density is low, or
if the temperature is near the Boyle temperature (about
2,6 Tc), but deviate from it under other conditions. A
more exact state equation is

@%+~TB(T) (Al)
pRT_

where B(T) is the second virial coefficient having dimensions
of volume. According to the law of corresponding states,
B(T) is proportional to the critical volume Vd.

From the results of reference 67, the second v-irial coei%cient
for n pure gas is approximately 0.76 VJl*(P), where P =
1,3 T/T. and where B*(T*) is a fixed dimensionless function
tabulated in reference 67. For a mixture of two gases the
appropriate relations are:

B(~=z,2B,(~+2z,qB,,(~ +z,’B,(~ (A2)

where

B,=o.75vc,B*(l.3T/T.1)

B,= O.76VtiB*(l.3T/Td)
\ (A3)

By use of these equations, the term pB(~/RT of equation
(A1)—which represents the . fractional deviation from
thermal perfection—has been calculated for the gas mixtures
listed in table IV. Computations were made both for
reservoir conditions (p~,T~) and tea-t-section conditions
(p., T.) at Mach numbers of 1.3, 2.5, and 3.5. For Mm=
1.3 the values of pJil(T,)/RT, and pmB(T.)/RT. were about
the same. The average value of lpB(T)/RTl per atmosphere

of reservoir pressure varied from about 0.0014 (CJ?~, CJ~,
CFaCFs, Cl?. and NFa mixtures) to about 0.004 (CHZF? mi..-
ture). Inasmuch as transonic research apparatus commonly
are limited to reservoir pressures of several atmospheres (often
because of critical model loads), the re~ulting deviations
from thermal perfection would be within about 1 percent
and can be neglected. For iW.=2.5 and Mm=3.5, the
values of lpoB(T.)/RT. ] are substantially lower than

lp,B(TJ/RTJ. Both are tabulated as follows:

I M. .25

‘:
lP~B(T-)

——
RT,n

OBrF~-------------------- 0.@l17
Ski. ----------------------- . al13
OFaCFJ.-_ . . . . . . . . . . . . ..- .COlo
00IFa---------------.----- . W16

OF,___ . . . . . . . . . . . . . . . . . . allz

y=ki:::::::::::::::::::: . Wlz

. UU7

Ah-. -..-. . . . . . . . . . . . . . . . . . .IXQ5

l@(TI)l

RT,

0.W33
.U)27
. mls
.m
. m9

. wJ19

.0E4

.m

AM. =3.5

pmMT-)1 I IPJXTI)I

1
RTm RT,

---------- —--------
---------- ----------
. . . . . . . ..- ----------
. . . . . . . . . . . . . . . . . . . .
aocm arms
.m .m

--.-.—--- -.-.—.---
.IxQz .m

It may be deduced that gaa mixtures at test-section condi-
tions (p., T.) would deviate 1 percent from thermal
perfection at reservoir pressures between about 6 and 10
atmospheres for Mm= 2.5, and at about 14 atmospheres for
M. =3.5. Since practical operation pressures of wind
tunnels are within these limits, the flow of these gas mixtures
over a typkal model can be regarded as closely approximat-
ing tha~ of a thermally perfect gas. Deviations from thermal
perfection at reservoir conditions (p~,T() are two to three
times as large as at test-section conditions. Hence, when
computing test-section Mach number or dynamic pressure
from measured values of p, and T,, the deviations near
reservoir conditions may have to be considered for reservoir
pressures of the order of 5 to 10 atmospheres or greater.
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RELAXATION-TIME DATA AND ESTIMATE OF EFFECT FOR
VARIOUS GAS MIXTUEES

Results of measurements of relaxation time at atmospheric
pr=ure (TJ for some of the polyatomic gases considered in
this report are as follows:

Ten&r-
Gas

“K

CCIYFz..--...-__..
OF4----------

SFS.--------.-....---

CHFG _________

OHCIPL..-..__-_
oHIF1 .._ . . . . -----
oil-_ . . . . . . -----
NtO------- ------

223

m
’233

373

293

m
.2Qa

293

&
semnd9

0.09

.00

.m

.42

.10

.W6

7.0

1.1

Refer-
@Ice

m-t
w
n
@
08

69

es
w

Althoud measurements of r= could be found only for those
gases li~ted, certain known characteristics of rel~ation time
enable a rough estimate to be made for some of the remaining
gases; for example, molecules with freedom of titeti
rotation invariably have very short relaxation times, gen-
erally less than 10-8 second (see ref. 71, for example). Also
the smaller the lowest fundamental vibration frequency, the
shorter the relaxation time (see refs. 68 and 69). These
general characteristics indicate that fluorocarbon molecules
with internal rotation (e. g., CFJ713rFS, CF3CClFz, CF@Fs,
CH3CCWZ, CH3C~z, QFS, and CJ3,0, but not C,FJ would
have relaxation times (7J in the range 10-8 to 10-9 second,
and that the methane-like gases CBrF8 and CWCIFZ
would have a relaxation time in the range of 10-7 to 10-8
second. It is to be noted that re.hmation times listed are
for pure gases, and that the presence of certain impurities
can reduce r=for those gases having relatively long relaxation
times.

Inasmuch as the rekmation time depends on temperature
and pressure, some method of estimating r for the par-
ticular conditions encountered in wind tunnels must be
employed. The analysis of Bethe and Teller (ref. 72) yields
for the relaxation time ~, of the lowest frequency (v) mode

Go
“=2(1 _e-b,/ZT)

(B1)

vrhere Z is the total number of collisions one molecule
experiences per second, and ZIO is the average number of
collisions required to deactivate the lowest mode from the
first quantum state to the zero state. Subsequent calcula-
tions are based on the additiomd equations

2=1.3 ~
P

(B2)

which is a result from the rigorous kinetic theory of gases
(ref. 73),

Cirv
T=—

c,
(B3)

which is a result of the aaeumption (ref. 74) that once tho
lowest frequency mode (specific heat 0,) is excited, energy
is then rapidly transferred internally to all other modes
(total internal specitic heat C,), and

(B4)

which is an approximate result of Bethe and Teller (ref. 72).
In this last equation, b is a constant to be evaluated for
each gas from measurements of T=at the temperatures listed
in the above table. These equrttions were developed for
pure polyatomic gases. They will be used also for gas mix-
tures since the basic theory (especially eq. (B4)) is highly
approximate, and since the effectiveness of an argon mole-
cule in exciting vibration generally is roughly the snmo m
that of an inert polyatomic molecule. (See the summary
table in ref. 75 and the specific data for CHCIFZ-AP mix-
tures in ref. 76.)

Relaxation times 7. corresponding to free-stream condi-
tions (T=,p=) in a wind tunnel have been c~ctiated for
assumed reservoir conditions of one atmosphere total pres-
sure and 400 C total temperature. The results, togethor
with the “relaxation distance” d= row. for the gas mistum
were computed to two significant figures and are trtbulatecl
to one significant figure a9 follows: 6

I Jfca -1.3, Ta. -Z33” Jfm -25, Tn. =140° Ma. =3.6, Tcv -106”
Pcdvatomfc K. U- -0.36 atm K, O- =0.069 atm K, pm -0.013 atm..—
mnkmnent __
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— —

Ii,fn. I rm, s-w
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d, In.

......
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.15
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.C@
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.....-

‘Tr., mw d, [n.
—.

.. ---- .....-
1X1O+ 3

. . . . . . . . . . . .

. . . . . . . . . . . .

. . . . . . . . . . . .

. . . ..- . . . . . .

. . . . . . . . . . . .

. . . . . . . . ..-.

1

It is to be remembered that under wind-tunnel conditiom ‘)

air has a much longer relaxation time than any of the gases
tabulated above. At room temperature, for example, r for
air is the order of 10-3 second (ref. 77), which is 102 to 104
times as long as for the polyatomic gaaes. This does not
mean, however, that relaxation effects me important for air
in a wind tunnel because the amount of internal vibration
heat capacity (CJ that lags is very small. The effect of
heat-capacity lag on flow conditions is influenced by both
C, and r.

To determine the dimensionless parameters which form a
pertinent measure of relaxation effects, use is made of the
theoretical equivalence between rehxmtion phenomena and

~ Some of these v81u= dftkr from corrmpandfnb’ vnlues tabtdnted fn thr orfdnrd publlmtlon
of thfsresmmh (TN 2228). SnclI dltkencesar enotle.rge and am due to the w of o dlflomnt

dmlnftion of rekmtfon tfme (r) in Wtmtion (El). Tiw relnsatlon tlmo or@lmlly IIWYJk

not mnsktent with the definition of Belho rmd Teller, whomds that IIWJ aiwvo b (W
APmdJx O).
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vohune-viscosity (K) phenomena. This equivalence is de-
rived and discussed in Appendix C where tho fundamental
reltttion ~=flr(’r— 1) Cf/C, is shoivn to be valid under condi-
tions where the relaxation time is small compared to the
characteristic time (l/u. for aerodynamic problems). For
purposes of estimation, then, the complete, first-order strew
tensor, including the volume viscosi@, is used as the bnsis
of computation.

(135)

In this equation ~ is the coefficient of volume viscosity,
&@z= is (using summation convention) the divergence of
the velocity vector, and thj is unity if ~ is equal to j, but is
zero otherwise. The above equation, together with the
equrttion relating K to r, d be employed to estimate effects
of heat-capacity lng both for inviscid flow and viscous flow.

For imiscid flow the Navier%okes portion of the stress
tensor is simply the static pressure p. The pertinent simi-
lmity pmameter involving relaxation time is ru./(pZ) =

‘Y(7– 1) (%/0 cf/c,. Since the equation of steady motion
involves Wjbu@zj and bpij/bzJ, the ratio of the relaxation
term to the other stress term is, in order of magnitude,

which is seen to be the same as the similarity parameter.’
Hence, h%m/pl is interpreted as a mensure of the fractiomd
effect of relaxation phenomena on pressuro distribution.
In a gns mixture, Cf==Cf2.Computations of the resulting
pmnrneter Ku./p.l=y(7— 1)(TmUm/~Cf/(C2) for wind-
tunnel flow conditions over a l-inch model yield the following
results: s

Zlca l-a.um dial
7(7-U ~ ~-~

for1=1 in. md
g~wwgb p’-l almr

arm-la Mco-2J .Um=a.5
1 1
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;;;:::.:::::. . . . . . . .
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OAF,:._...__ . . .
0HOiF9.-..- . . . . . . .
OEfzFt.._ . . . . . . . . . . .
$K&2_::.::::::::::::

Cm&2

.Wa

. m

%J%5
.m

------------ ------------
0.01
.013 ....!!!..-
.cm ------------

--------- ... .--------- --
.C#t9 ------------

------------ ------------
. . . . . . . . . ..- ------------

For trnnsonic wind tunnels it is seen that only CO, mixtures
would exhibit appreciable relaxation effects on pressure
distribution. On the other hn,nd, for .M. =3 .5, mixtures
involving CFZ would be affected roughly by 4 percent for
tho rissumed conditions of p,= 1 atmosphere and 1=1 inch.
To maintain these effects below about 1 percent would
require the product p,l to be greater than 4 atmosphere-
inches (e. g., a l-inch model in a 4-atmosphere tunnel).

~A more precisemfcnlathm of this ratfe of strm tnrms can be rondo using tbo mntbmity

eqmtion to eJimfMto bt@&. Tbfs pmaihrenltlnmtolyyields a value (cum/POIMWr/

ZI~)/d@)l, fmm wblti it L= be dedncd tih tie *pie-eta (K%J@) W~ ~d=
estlnmtdrofamttoneff- for blntf obstack like tbe spher%but wffi ovemtfnmte them for
efcndcrobstooleslike on rdrfofl.

I Tho mntributlonof mtatfezmfenergyto c is dknxnrd~ sinm this b smelf eomimredto
the mntrlbutfonof ribratlonoiermxy.

Such restrictions are believed not to represent signiikmt
limitations on the usefulness of gas mixtures, especially
since the favorable eilect of certnin impurities in reducing r
has not been included in the nnnlysis. It is concluded, then,
that insofnr as pressure distribution in inviscid flow is
concerned, relrmation eifects need not be considered for the
usual wind-tunnel operation conditions at Mach numbers
near 3.5 or below.

For viscous flow within a laminm boundnry layer, the
Navier43tokes portion of the stress tensor customarily is

au
approximated by ~ —

?Y
The ratio of the relaxation term to

the ordinrwy term in the equation of motion is

:(K%) +(’%)-~).%

%(’%) -+(”%) “%

Exrtmination of the solution to boundary-layer equations for
flow over a flat plate (e. g., ref. 7S) indicates the average value

of @u@zJ/(&@y) to be of the order of (Y— l)ill.z/lO&

and ~/1 to be of the order of [6+ (y— 1).M.l/@ Honco,

This ratio, which is interpreted m a measure of the fractiomd
effect of relaxation phenomena on boundnry-layer flow, is
important primarily at low Reynolds numbers and high Mach
nnmbem, just ns is the effect of relmmtion phenomena on
inviscid flow.

From the equation KU&vl= (~/~) (~JIm2/lle) and from the
preceding table, the ratio K/# corresponding to free-stremn
conditions can be computed for the various gns mixtures.
The results nre as follows:

Cekdntcriwdncsef(x/#)m
‘olyetomio mmprmnt —

MO -1.3 .Ual-M .um-s.6

OOkF,—------- 37 -------- --------
OF{------------------ 359 410 m
SFz----------- 3C21 m -.--..-
oHFJ---------- m lio -.------
OHOiFI--------- 37 -------- -------.
OHzF~---------- S 2 --------

m .--.-.-- -------::—----–---::-::: ~ ------- —-----

At stagnation conditions K/p would be the same order ns thaL
tabulated for Lf. = 1.3; hence, broadly speaking, the various
fluorochemical gns mktures cover n range in values of K/P
between about 2 and about 400. For the gnses of most
interest, namely, CFZ and SF6, the corresponding value of
K/Pis seen to be about 400. Consequently, the value K/p=

400 can be substituted into equation (B7) to obtain an
estimate of relaxation-time eifects on boundary-layer flow.
The result is that the heat-capacity lag is found not to be
signiihnt except at low Reynolds numbers In particular,
at a Mach number of 3.5, it is indimted that only below or
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near Reynolds numbers of about, 2,000 would the effects of
heat-capaciti lag be significant. Even at a Nkch number of
7 they would be significant only near or below Reynolds ,nnm-
bers of about 20,000.

Turning nom to the case of air, a distinction must be made
lmtmeeo wind-tunnel conditions and the conditions of
flight. In a wind tunnel, the relaxation time for vibration
is so long that the wsential assumption inherent in the
hP— T relationship is not a valid resumption, since the vibra-
tion energy can lag far behind the translational energy.
TIIo energy in vibration for air at mind-tunnel temperatures,
however, is negggible so that there are no appreciable
effects of heat-capacity lag under such conditions. Iu
fight, the situation is ditlerent, since the higher temperw
tures encountered reduce the relaxation time to values
which are IOW enough to enable the vibrational energy
ahnost to follow the translational energy. At a tempera-
ture of 1500° ~, for emrnple, the experiments of Blackman

(ref. 77) show the relaxation time for air to be the order of
10-s second. At 3000° K it is the order of 10-0 second,
These times are short enough to apply equation (C9) ot the
temperatures of flight. The remdt is that the rntio K/,u is
calculated to be the order 1,000at 1500°K and the order
of 50 at 3000° K. Even if the higher value (~/Y= 1000) is
used and substituted into equation (337), the effects of hed.-
capncity lag in fight are found to be small, except under the
combined conditions of a high Mach number and simultane-
ously a low Reynolds number. Under suclI conditions, the
heat-capacity lag could be significant. In order to simulate
in a low-density g-mixture wind tunnel the heot-capncity
lag that would exist in the boundary layer during flight,
the ratio K/P would have to be simulated. It is possible to
simulate approximately this ratio in a gas-tistu?e wind
tunnel inasmuch as the range of vrdues of K/Pcovered by
the various polyatomic gases bracket the corresponding
values for flight conditions in air.



APPENDIX C

IZELATION BETWEEN

The cfdcuhtions of

BULK VISCOSITY
TIME

AND RELAXATION

Amendix B are based on a relation
between relaxation time” ~ and bulk viscosity coefficient K.

This relation cm be derived from the general equations of
motion for a viscous compressible gas by considering the defi-
nition of relaxation time and one of the fundamental prop-
erties of entropy. The method of derivation presented here
is mther general and leads to a simple result which is com-
pared later with results of other analyses of the problem.

The general equations of motion involve the viscous stress
tensor

()= Pij ~a*+K ~ b
Stoka

and the energy dissipation function

+’(2+2)
au= 2

()“m~*+K G
Dp ‘

()
=$&a+K —

pDt

(cl)

(C2)

where the operator D reprewmts the substantial diilerential,
and the hTavier%okes portion of p involves only the ordinary
coefficient of viscosity. The bulk viscosity K-just like the
ordinary viscosity ~is regarded as a state property and,
therefore, can be evaluated as a function of temperature and
pressure from any pertinent experiment. For example,
suppose an experiment with Couette-type flow were selected
wherein the effects of bulk viscosity are negligible and the
effects of ordimmy viscosity are large (as would be the ease
at low speed under which condition &@x.= —DP/PDtis
negligible). The viscouE stress tensor would reduce to
p.Y=@@y) so that measurement of the shear and the
velocity gradient would enable the state property p to be
determined. On the other hand, suppose an experiment
were selected wherein the eflects of ordinary viscosity are
negligible and the effects of bulk viscosity are large (as
would be the ease for the rapid compression in front of a
small pitot tube or for the velocity dispersion of ultrasonic
waves, under which conditions the time rate of change of
density is the dominant term). In this ease, the dissipation
function (eq. (C2)) simplifies to the single term K(DP/PDt)’,
so that measurements of the energy dissipation (total pres-
sure loss) rmd the rate of density variation would enable the
state property K to be determined.

By analysis of a flow wherein DP/Dtis unusually large and,
hence, wherein the bulk viscosity term dominates all other

terms in the stress tensor, a relationship ean be established
I between. and,. For this type of flow,-the energy equation

can be written

(C3)

where S is the irreoenible entropy increase. The definition
of relaxation time 7 is

DE, E,(T)-Ei—=
Dt 7- (C4)

where T is the temperature corresponding to tie trmsln-
tional degrees of freedom, Et(T) is the equilibrium value of
internal energy corresponding to the temperature T, and Ef
is the actual internal energy (corresponding to equilibrium
at a different temperature ~J. From thermodynamic theory
a third equation is obtained which completes the building
blocks of the anal~is; it provides an equation for the change
of entropy when an amount of energy Ef flows from one
source (translational energy M temperature T) to another
source (vibration energy at temperature Ti).

DS=DE, DE,———
T, T (C5)

The above three basic equations em be combined to yield
the desired relation between bulk viscosity and relaxation
time.

It is emphwized that no assumption is made about the
variation of specific heat with temperature, nor is any as-
sumption made either about the magnitude of the internal
energy or about the form which that internal energy takes.
For example, the internal energy could be in rotation of
the molecules, or in vibration between the atoms of molecules,
or in electronic excitation. The essential assumption made
is that the internal energy Ei does not lag far behind the
equilibrium internal energy corresponding to the tempera-
ture T. In other words, it is assumed that the rel&xation-
tinm effects are small, so that a &et-order theory is appli-
cable. The various quantities are illustrated in figure S.
Since a first-order theory is being considered, the internal
speoific heat Ct can be regarded a-s constant over the small
temperature range T— T{, and the following approximation
can be made:

(T–T,) DE, E,(jTZE,DS=DEi ~= (C6)

By combining this entropy equation with
- relaxation time, there results

Dm:=[Ei(T)-Ei]’
rT2Ci

the equation de-

(C7)
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/
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Ei(T)
-4 1./’
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FIWRE S.-Sketoh of qurmtitjes related to internal energy lag.

Bemuse the special experiment selected for consideration is
an isentropic one except for first-order irreversible processes
associated with ~, the following additional equations result
from equation (C3):

()PTDS 1 Dp z

(+

~
——=. —.
K Dt /32Dt (&T’ %

‘-C’T2(%Y=[(%W “’)(7:1). i

The final relation between bulk viscosity and relaxation time
is obtained by combining equations (CS) and (C7) (and
noting that p= pRT=P(7— 1)C,T)

K=pr (7—1)g, (C9)

Inasmuch as C, can represent either rotational energy or
vibrational energy, several comparisons can be made with
other analyses. In reference 79, Tisza compared the ap-
pro.xirnnte equations for the dispersion of ultrasonic waves
with corresponding equations from the Navier-Stokes rela-
tions and obtained exactly equation (C9). However, in
comparing with the appro.simate equations from ultrasonic
theory, Tisza assumed in effect that the amount of energy
in internal motion Et is small compared to the total energy,
that is, he assumed that C, is small compared tQ C,. The
above analysis shows that the relation obtained by Tisza
net ually applies to the case where the internal energy is a
large portion of the total energy. Tisza assumed, of course,
that the departures from equilibrium are small enough to be
represented by a fht-ordar theory (this assumption is made
in all of the analyses discussed).

A different approach to the problem is taken by Kohler,
referenca 73,who employed the equations of kinetic theory
involving the M=ell-Boltzmann equation. Kohler con-
sidered two m.ses-iirst, that of rotational internal energy,
and second, that of vibrational internal energy. The
definition of relaxation time for rotation (r,) employed by

Kohler, however, is not the same as that omployecl nbove.
The two are related by the e’quation

c.+ c.
y “’=’

where C~=3R/2 is the specific heat due to tmnslntionnl
degrees of freedom. Letting j, be tho number of rotntiomd
degrees of freedom, then C,=f,R/2, nnd R/\Y–1) = C,=
(3+j,)R/2, so that equation (C9) becomes

which is identical to an equntion dovelopwl by Kohl or,
When Kohler considered vibrational energy, he uswl tho
same definition of relaxation time as that umd herein, but
he assumed that the internal energy in vibration (~,,b) is
small even compared to the rotational internnl morgy,
With this approximation Kohler could write C,+ CVib= C,,
and thus obtained the equation

coib
K=(7—l)PT C.–C,,,

Since C,– Cn~~= Co within the appro.sinmtion mado by
Kohler, his result for vibrational internal energy is consistcmt
with the basic equation (C9) of this appendix

In reference 80 Meixner considers the problem from m
entirely diflerent viewpoint, namely, that of the theory of
irreversible thermodynamics. Meixner aasumes in dfoct,
as did Kohler, that the internal energy is small compared to
the translational energy. The equation Meimer obtainod
can be reduced tQ

K=pT(~—l) ‘&

Just as in the case of Kohler’s analysis, this result is seen to
be consistent with that of equation (C9), provided it is
remembered that the assumption of small internal emmgy
enables C,— C~ to be approximated by C, within tho frnmc-
work of Meixner’s analysis.

In reference 81 Wang-Chang and Uhlenbeck considwcd
the problem from the viewpoint of kinetic theory, only
they did not assume as Kohler did that the internal energy
was small. They did assume, however, that the intornrd
ener=g did not vary significantly with temperature; tlmt is,
they assumed that the internal speciiic heat was constont,
as this simplified their equations. Their final result can bo
written in the form

which is identical to equation (C9) above. Thus, we ace
that the end result of the analysis of Wang-Chang and
Uhlenbecli, just aa the analysis of lKohler for rotntiomd
internal energy, actually applies to more general conditions
than they assumed. Consequently, the derivation given
above is seen to be rather general and to be confirmed by
four separate analyses employing methods from several clif-
ferent fields of science.
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TABLE IIT.-PHYSICAL CHARACTERISTICS OF POLYATOMIC GASES
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TABLE IV.-CHARACTERISTICX OF GAS-MIXTURE WIND TUNNELS
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